A PIN photodiode having a low dark current of 1.35 nA and a high external quantum efficiency of 95.3% fabricated for a passive optical network receiver. As the current was increased under a high voltage of 38 V and a temperature of 190°C, it was observed that there is a threshold current at 11 mA which induces a junction failure. Experimental data suggest that the junction failure occurs due to the crystal breaking at the end facet as a result of thermal heat or energetic carriers. This threshold behavior of junction failure is a valuable observation for the safe treatment of photodiodes. As long as the current is limited below the threshold currents, we have not observed failure events of our photodiodes.
I. Introduction
The reliability of InP/InGaAs photodiode detectors has been studied for more than two decades [1] , [2] and failure modes have been analyzed by several groups of researchers [3] - [14] . The failure criteria of photodiode detectors have been based on dark current deteriorations after specific hours of accelerated degradation of the detectors. The analysis of failure modes aims to find the source of dark current that is possibly aggravated by imposed stresses, high temperature, high reverse-bias voltage, and high relative humidity.
From the failure mode analysis of planar zinc-diffused InGaAs/InP PIN photodiodes, Chin and others [3] reported that the pinholes in the SiN x diffusion mask, at less than 5 μm distance from the edge of the p-n junction, are the major sources of microplasmas in the devices with low leakage current. Unintentional zinc diffusion through the pinholes produces a p-region of a small dimension that locally increases the electric field to enhance the leakage current [3] , [4] .
From a thermal run-away analysis for velocity-matched distributed photodetectors (PDs), Nespola and others [5] reported that the thermal run-away can be assumed as a fair indicator of potential catastrophic failure for high-power detectors. Diffusion of gold into a semiconductor was experimentally shown to be a major cause of catastrophic failure in actual devices [5] - [7] .
From the dark current analysis, Williams and others [8] and Islam and others [9] reported that thermally activated dark current can cause PD failure when the increase of dark current causes an additional increase in the diode temperature, resulting in additional dark current, and this positive feedback process continues until the PDs fail [8] - [11] . Failure modes attributed to hot holes or mobile ions have been reported by several groups of researchers. Mawatari and others [12] and Kuhara and others [13] concluded that the deterioration of a p-n junction on a cleaved facet of failed planar waveguide photodiodes was caused by hot hole injection or mobile ion accumulation in the passivated film [12] , [13] . Sudo and others [14] proposed a surface degradation mechanism, positive charge accumulation in the passivation film of avalanche photodiodes, followed by local avalanche multiplication at the guard-ring periphery [14] .
The humidity dependence of failure has been analyzed by Osenbach and others [15] , who proposed that ingress of moisture to the InP surface gives off hydrogen at the p-contact region of the device. Under negative bias, In and P react with the hydrogen to form gaseous InH and PH 3 . This leads to semiconductor erosion and subsequently device failure [15] , [16] . Although there are many other articles and letters discussing the failure mode of detectors, most of them fall into the following four categories: localized increase of the electric field; contamination of metal contact; deterioration due to mobile ions, hot holes, or thermal run-away; and high relative humidity-induced erosion.
Reverse-bias voltages in most reliability tests are just below the diode breakdown voltage at which specific amounts of current may flow through the junction to degrade the junction characteristics. Although the diodes are regarded as having failed by the dark current criteria, the diodes are still far from complete failure by junction breakage where the currentvoltage (I-V) curves are abnormal. As the reverse bias increases further beyond the diode breakdown voltage, the diode reaches the point where junction characteristics are completely distorted as I-V curves are observed. The voltage, current, and temperature behaviors of photodiodes near junction failure have not been thoroughly studied except crystal breakage due to joule heating.
In this paper, we report a threshold characteristic of junction failure as the voltage, current, and temperatures are increased until junction failure. Two failure modes are proposed, in relation to joule heating and energized carriers induced by the locally increased electric field. It is also shown that the diodes are quite safe as long as the variables of voltage, current, and temperature are kept below the threshold for some minutes.
II. Design and Fabrication
To investigate photodiode behavior near junction failure, it is important to design the epitaxial structure of photodiodes which may sustain at a large leakage current under high reverse vias near the junction failure. The cross-sectional design shown in Fig. 1 was proved to match with this experiment. The layers were grown by metal organic vapor phase epitaxy on a (100)-oriented n-InP substrate. The side-illuminated PIN photodiode consists of a 20 μm-wide multimode graded index waveguide that has a 100 μm or 200 μm length. The core layers of the waveguide consist of a 0.2 μm-thick undoped In 0.53 Ga 0.47 As active layer, n-or p-doped InGaAsP quaternary layers, and index-diluted layers. The quaternary layers have a band gap of 1.24 μm and a thickness of 0.2 μm, or a band gap of 1.1 μm and a thickness of 0.5 μm. The index-diluted layers consist of seven pairs of 100 nm-thick InP layers and 50 nm-thick InGaAsP layers (a band gap of 1.1 μm) [17] . The index-diluted layer has an effective index of 3.22 at the wavelength of 1.55 μm. The doping concentration is 5×10 17 /cm 3 for p-doping and 1×10 18 /cm 3 for n-doping. The cladding layers consist of an ndoped substrate and a p-doped, 2 μm-thick InP layer. The waveguide is designed to give an optimum coupling efficiency with a flat-cut standard single mode fiber or a planar light wave circuit (PLC) platform which can be used in the Ethernetpassive optical network (E-PON) or wavelength division multiplexing passive optical network (WDM-PON) receiver [18] , [19] . The waveguide of the photodiode was patterned using photolithography and a 4 μm-deep dry etch, followed by a wet etch that can ease the roughness of the dry-etched surface. A polyimide layer was spin-coated and patterned to provide the lateral confinement and the electrical isolation. After p-contact metal was established, the top surface of the photodiode was passivated by a SiN x film at 265°C.
The polyimide layer was highly resistant to the dark current of 1.35 nA which was obtained by averaging the absolute values of dark current between -3.5V and -0.1V in the I-V curve. The dark current was measured at 23°C with the area of 20×200 μm 2 before dielectric-coating at the end facet. A completed photodiode chip showed high electrical and optical characteristics. The highest responsivity at 1550 nm was 0.91 A/W with a flat-cut fiber and 1.19 A/W with a lensed fiber of which the external quantum efficiency is 95.3%. This may be compared with 95%, the highest value from our extended search reported by Takeuchi and others in 1998 [20] . The bandwidth measurement is shown in Fig. 2(a) , being the 3 dB bandwidth of 1.7 GHz with the 100 μm-long waveguide, which is higher than our targeted minimum value, 1.25 GHz for the PON receiver. The current and voltage characteristics are shown in Fig. 2(b) . The breakdown voltage is 7 V at 250°C. This low breakdown voltage is useful for studying the junction failure as described below. The curves were obtained with the bias voltage from -40 V to 1 V and the current limits, 10 mA for the solid line, 11 mA for the dashed line, and 12 mA for the dotted line, where the current limit is the highest allowed current set in the measurement instrument, HP4145b. The photodiode shows a normal I-V curve for the current limit of 10 mA. With 11 mA, however, the normal I-V curve starts to be destroyed, indicating a junction failure. The junction is completely destroyed at 12 mA indicating a short between two electrodes.
The junction failures as functions of voltage and temperature are shown in Fig. 3 . To obtain the graphs in Fig.  3 , 100 chips having low dark currents were held on a hot plate, where probe tips were contacted on the pads of the chips while changing the temperature of the hot plate. The I-V curves with different current limits were obtained using HP4145b. Figure 3(a) shows the current limits for junction failure as a function of the highest reverse bias at 250°C. The two graphs show similarly shaped curves. These features are interesting for the safe treatment of photodiodes as well as the theoretical approach to the junction failures. In our study, this threshold behavior of junction failure of photodiodes is observed and discussed for the first time to our knowledge. 
III. Discussion and Conclusion
A possible explanation for these features of junction failure is the following. Below the voltage of 38 V as shown in Fig. 3(a) and the temperature of 190°C as shown in Fig. 3(b) , junction failure occurs due to thermal heat. Thermal heat has a linear relation with temperature and carrier energy, ΔH ∝ ΔT∝ eΔV, and thermal heat is proportional to the current square, ΔH ∝ I 2 . Consequently, the temperature and the carrier energy are proportional to the current square. A part of Fig. 3(b) from 100°C to 190°C is plotted in Fig. 4(a) in such a way that the horizontal axis represents a temperature difference, ΔT=190°C-T. The solid line is a fit with a function, ΔT= I 2 /25. The experimental points are in good agreement with the function where 1/25 is an arbitrary fitting constant. Although it is not represented here, the voltage curve also is in good agreement with the same function having a different constant. From this agreement, we infer that the junction failure below 38 V shown in Fig. 3 (a) and 190°C shown in Fig. 3(b) is due to thermal heat. Above 38 V in Fig. 3 (a) and 190°C in Fig. 3(b) , we have a constant current, 11 mA for the junction to fail. We suppose that the junction failure is due to the energetic carriers. There are a minimum number of carriers corresponding to 11 mA to break a specific part of the crystal structure. At a high voltage and temperature, each carrier transfers its energy to a branch of the crystal bond causing the branch to break. Figure 4(b) is an image taken with a scanning electron microscope (SEM) showing a crystal break at the end facet of a photodiode, where the local electric field is the highest. After removing the end facet of a junction-failed photodiode, we measured a normal I-V curve. We may conclude that the junction failure in our photodiode occurred due to the crystal break at the end facet caused by thermal heat or energetic carriers. Large uncertainties (larger than ± 5mA) near the values of 38 V in Fig.  3(a) and 190°C in Fig. 3(b) suggest that the failure modes, thermal heat, and energetic carriers co-exist near the values 38 V and 190°C.
As long as the current is limited below the threshold currents, for example, 11 mA at 40 V and 250°C, the photodiodes are very safe. We compared the dark currents of the treated and untreated chips under the conditions of 9 mA, 40 V, and 250°C which are just below the threshold of junction failure. The dark current averages of 10 chips are 1.352 nA with untreated chips and 1.373 nA with treated chips. The dark currents are effectively the same because the difference is much smaller than the measurement variation standard deviation (SD) which is 0.4 nA. The responsivity and I-V curves were also indistinguishable. From this measurement, we may conclude that the photodiodes are safe as long as the currents are kept below the threshold for some minutes.
In conclusion, a PIN photodiode having a low dark current of 1.35 nA and a high external quantum efficiency of 95.3% was fabricated for a PON receiver. As the current limit was increased at high voltage and temperature, a threshold current for junction failure was observed. The threshold current showed different behaviors between, above, and below the reverse bias of 38 V and the temperature of 190°C. Experimental data suggest that the junction failure in our photodiode occurs due to the crystal break at the end facet caused by thermal heat or energetic carriers. As long as the current is limited below the threshold current, we observed that the photodiodes are safe.
